Background Physiologic renal changes associated with pneumoperitoneum (PNP) have been described and various underlying mechanisms have been suggested. We investigated the possibility that PNP-associated renal damage is pressure dependent, and that oxidative stress is thereby involved. Materials and methods Seventy Wistar rat kidneys (n = 10 per group) were isolated. They were perfused with oxygenated, warm, Krebs-Henseleit solution containing 5% albumin within an isolated environment and subjected to various CO 2 pressures (0 [control], 3, 5, 8, 12, 15 , and 18 mmHg) for 60 min. Half of each group was additionally perfused for 30 min at 0 mmHg pressure.
cases of prolonged PNP [13] . Kidneys that had been harvested laparoscopically were shown to develop early posttransplant graft dysfunction more frequently than those harvested by the open approach [14, 15] . Nevertheless, 1-year survival and function of grafts harvested by the two techniques were identical. Whether this laparoscopicassociated transient renal dysfunction was secondary to PNP or to the longer warm ischemia has not been established. Data show that warm ischemia induces ischemiareperfusion (IR) injury and oxidative stress response of the graft. Indeed, induction of oxidative stress in association with PNP in the bowel was described [16] .
We conducted this multiphase study aiming at investigating (1) whether the pressurized environment was directly interrelated to changes in renal function, (2) whether these changes were reversible when pressure was annulled, and (3) the magnitude of oxidative stress in the organ during CO 2 -applied pressure.
Materials and methods
The study was carried out in male Wistar rats, weighing 350-450 g. The animals were anesthetized by intraperitoneal injection of sodium pentobarbital (50 mg/kg); they were later killed by exsanguination while still under anesthesia.
Perfusion chamber design
All experiments took place in a plexiglass chamber. The intra-cameral environment allowed for sealed access of perfusion catheters and other cables through its wall, thus providing pressure-insulated conditions. Two luer lock connections were fitted into the chamber wall, allowing for the connection of an insufflator, built from a standard CO 2 balloon and an escape valve that maintained a predetermined, constant, continuously recorded, pressure within the chamber. The chamber had double walls between which warm water was pumped continuously. This allowed for maintenance of narrow ranges of temperature and humidity within the chamber.
Isolated perfused kidney preparation
After applying anesthesia, a midline laparotomy was performed; the right kidney with its vessels and ureter was harvested, and immediately perfused with oxygenated, Krebs-Henseleit solution containing 5% albumin via the renal artery, at a flow ranging of 9-14 ml/min. The flow was driven into the vascular bed by a fluid column of 40 cmH 2 O. The isolated kidney was always investigated within the chamber and kept warm at 36.5-37.0°C.
The height of the column was initially modified as required to maintain a physiological pH of the renal outflow; this was then used as baseline flow. The renal vein outflow was kept at 0 mmHg pressure. The incoming perfusate was continually equilibrated with 95% O 2 + 5% CO 2 to achieve pO 2 [ 300 mmHg and pCO 2 of 34-38 mmHg, and pH of 7.34-7. 46 .
Following a 30-min stabilization period, organs were randomly assigned to one of seven groups (n = 10), where they were exposed to intrachamber pressure of 3, 5, 8, 12, 15 , or 18 mmHg. The seventh group was perfused under 0 mmHg, serving as pressure control. Each kidney was perfused for 60 min at their determined pressure. Alternate kidneys within each group were perfused for an additional 30-min period while the pressure in the chamber was annulled; the experiment then terminated.
Data collection
Samples from the outflow perfusate were withdrawn every 15 min, while tissue portions were sampled at the end of the experiments. The partial pO 2 in the incoming and the outgoing perfusates were measured: oxygen extraction (VO 2 ) was later calculated by multiplying the rate of the flow by the difference between the incoming and the outgoing oxygen content in the Krebs solution per wet tissue weight. Urine output was collected during each phase of the experiment, i.e., stabilization, perfusion, and annulment of the pressure.
The total activity of xanthine oxidase (XO) was measured following Hashimoto [17] , with modifications. After the tissue was washed in ice-cold sucrose and bottled on a filter paper, it was homogenized with a microhomogenizer with 0.25 M sucrose solution. After overnight dialysis against 200 ml 0.25 M sucrose solution at 0°C, the fresh solution thus obtained was used to measure the XO activity. Activity was quantified spectrophotometrically by monitoring the formation of uric acid from xanthine through the increase in absorbance at 292 nm. One unit of activity was defined as 1 lmol/min of uric acid formed at 37°C at pH 7.5. Activity was expressed in mU/g wet weight for tissues. XO typically exists in an innocuous form (xanthine dehydrogenase, XDH) in most tissues [18] . When a tissue is subjected to metabolic stress, such as ischemia, the enzyme converts to the oxidase form (XO). XO is a significant source of reactive oxygen species (ROS) [19] , which play a major role in the pathogenesis of a variety of pathological processes, including organ dysfunction in both animals and humans [20] .
The levels of the reduced glutathione (GSH), were analyzed using a specific assay kit (Calbiochem Ò , kit #354102, San Diego, CA, USA) in the organ tissues. Reduced glutathione (GSH) is an intracellular low-molecular-weight thiol that exerts protective activities, primarily intracellularly [21] . In
cases of glutathione deficiency, brain mitochondria appeared damaged due to the accumulation of hydrogen peroxide [22] .
Portions from the cortex of the kidneys were also removed for histological examination. The samples were cut into slices, fixed in 10% formalin, and processed for light microscopy at 209 enlargement by serial 5-lm sectioning and hematoxylin and eosin staining. At each observed location within an organ, which consisted of three fields, three consecutive sections were performed in each paraffin block, with only the outer sections being processed so as to avoid counting the observations twice. A protocolblinded pathologist performed the evaluations.
Statistics
Data variables are presented as means ± standard deviation (SD). At each time point, the analysis was done using analysis of variance (ANOVA) with repeated measures; the comparisons between means were carried using the Student-Newman-Keul test. Trends within each of the groups were compared by ANOVA with repeated measures. Alpha values of B0.05 were considered statistically significant.
Results

Perfusion flow and urine output
While similar during stabilization, flow rates in the isolated and perfused organs decreased proportionately to the intrachamber delta-gradient pressures (Table 1) . Decrease was significantly greater in the C12 mmHg groups. Thirty minutes after the cessation of the respective pressures, flows slightly increased, although to values not different from the 60-min values, and remained below those of the 0, 3, and 5 mmHg groups.
A more significant decrease in urine output was documented in the C8 mmHg pressurized groups compared with the decrease encountered in the nonpressurized and low-pressure (0-5 mmHg) groups (Fig. 1) . The release of the intrachamber pressures led to a slight increase in urine output in the C8 mmHg groups, remaining far below those of the 0, 3, and the 5 mmHg groups.
Oxygen extraction
Oxygen extraction was similar among the groups during stabilization (Fig. 2) . It decreased significantly in the C3 mmHg groups during the 60-min pressurization, reaching There was a slight rebound in oxygen extraction after pressure annulment in all groups, with the exception of the C12 mmHg group; extraction remained, however, abnormally low in all but the 0 mmHg group.
Oxidants-antioxidants balance
Tissue XO activity depicted progressively increased in organs subjected to pressurization. XO in the kidneys subjected to the additional 30 min with no pressure was lower than the 60-min values in the C8 mmHg groups (Fig. 3, upper) . The highest activities in both the 60-and the 90-min studies were found in the 18 mmHg group. GSH data in the tissues are summarized in Fig. 3  (lower) . Tissues contained progressively higher amounts of GSH as pressures increased, after both the 60-and the 90-min experimentation periods. Values were particularly high in the 8 and the 18 mmHg groups following both the 60-and the 90-min phases, respectively.
Despite the highest values of the two enzymes in the 18 mmHg group, linear regression analyses of the XO data showed that r = 0.8 and p = 0.03, while for GSH r = 0.9 and p = 0.006.
Histopathology
The histopathological analysis aimed at identifying tubular and glomerular changes occurring following pressure application. Tubular changes were minimal in the kidneys exposed to a pressure of 3 mmHg (Fig. 4A) ; mild acute tubular necrosis was observed in the 15 mmHg and mostly in the 18 mmHg groups (Fig. 4B-D) . When the glomerular pathology was assessed, analyses revealed the presence of nonspecific lobulations, mesengial proliferations, and microcalcifications in the C5 mmHg groups.
Discussion
The contribution of abnormal metabolic environment in one area of the body to the development of stress injury in an adjacent or remote area was investigated previously [23, 24] . This was reconfirmed in the present study, albeit in a novel aspect. The effects of different PNP pressures and their annulment were examined in this unique isolated, blood-free perfused model, which resulted in both tissue and functional derangements. Within the first 60 min of ex vivo perfusion under PNP conditions C8 mmHg a decline in urine output and oxygen extraction, and an oxidantsantioxidants tissue misbalance occurred. Along with these, the documented loss of normal glomerular integrity also indicates damage to the PNP-pressurized organs. Finally, our finding of almost complete abrogation of most phenomena by limiting CO 2 -PNP pressure directly implicates pressure as a determinant factor in the mechanism of injury, as was recently shown [25] . We contend that the initializing event of renal damage was the deprivation of oxygen during high PNP pressure. Subsequently, an XO-dependent process would trigger the disruption of both the kidney's functional and structural elements, especially following the hypoxia/ischemia conditions and reoxygenation (pressure application/ annulment). This suggestion is based on our previous studies [25] [26] [27] [28] , in which tissue VO 2 changes were associated with XO generation. Oxygen stress may induce MOF, which is clinically significant. Data from this and previous studies [23, 24, [29] [30] [31] [32] [33] [34] [35] [36] suggest that a number of clinical features of renal dysfunction in the presence or following PNP may in fact be due to low flow/reflow situations, and thus may relate to XO-derived radical oxygen species (ROS) activity, as demonstrated herein for the C8 mmHg groups. We have previously described the toxic effects of high XO activity in the lungs [23] . We then argued that, when tissues are exposed to metabolic stress such as improper circulation or lack of oxygen-potentially occurring during PNP-tissue xanthine dehydrogenase (XDH) is converted to XO. Upon reperfusion or reoxygenation, the latter, in the presence of adequate substrates and abundant molecular oxygen influx into the post-hypoxic/ischemic tissue [36] , generates oxidants such as the superoxide anion (O 2 -), hydrogen peroxide (H 2 O 2 ), and the hydroxyl radical (.OH) [34, 37] . These cascades of events may start after the advent of tissue damage-here due to impediment to the vascular tree-even if followed by volume or pressure resuscitation, as demonstrated herein. Support for this contention can be obtained from cases of limb ischemia [38] and its reperfusion [29] , aortic cross-clamping and aneurysmectomy [19, 24, 29, 30, 34, 38] , and other traumatic or ischemic events in humans [39, 40] , as well as during organ transplant [41] and renal decompensation [42] . Importantly, the linear magnitude of changes of XO and GSH also attest to the role of the pressure in generating stress injury in the various kidneys. The elevated values of the enzymes in the specified groups are explained by the partial rather than the complete cell damage occurring in the documented groups and subgroups. Those cells contain XO that was induced during and after the period of pressure applications while at the same time GSH is built up within the cells, aiming at rebalancing the pro-oxidative conditions.
The acute event documented in our model was not mediated by circulating blood elements, such as neutrophils, or by systemically derived cytokines or other antiinflammatory agents, since the perfusate was bloodless and devoid of white cells or circulating macrophages [28] . Nevertheless, minor contributions to renal injury made by other mediators should not be discounted; for example, the marked renal vasoconstriction seen within 60 min of PNP, seemingly partially reversible after the application of 18 mmHg, could result from intra-organ XO-induced vasoconstriction [43] .
The question of whether structural-anatomical injury as documented herein is coupled with the vascular derangement is thus answered, at least in part. We showed that both structural (glomerular and tubular damage during selective pressure gradients) and functional (urine output) changes are affiliated and start following the buildup of the pressurized environment. This implies that such derangements could represent an immediate post-hypoxic/ischemic phenomenon but are dependent on the same stress injury applied to the kidney during PNP. The precise course of the events is, however, not yet clear in its entirety, since uncertainty still exists as to the exact mechanistic event that links the structural and functional disturbances within the 60 min of PNP and their progress into reperfusion, and the specific XO-generated ROS activated in the kidney. Importantly, there is no MEDLINE data to show the development of prompt histological changes upon exposure to PNP; short-and long-term functional changes have been documented, although not coupled with structural abnormalities [44, 45] .
The present ex vivo organ model study provides some insight into potential underlying pathological processes that involve XO and ROS during and following laparoscopic surgical procedures. We argue, though with caution, that these could have an effect on humans, despite the enthusiasm of both surgeons and patients towards laparoscopy, and since laparoscopic living-donor kidney transplant is currently considered the gold-standard approach if warm ischemia time is kept\2 min. Damage to an organ could start some time into pressurization, if above certain limits that have not yet been established, and may not resolve in its entirety even when the damaging factor is removed, i.e., depressurization. This assertion could lend itself to explain the delayed recovery of laparoscopically harvested kidneys [12, 13] . This indicates that further damage to kidney could be promoted by newly and continually generated toxic elements. The use of an XO inhibitor, if suppressing most of the otherwise extensive injury in the kidney, would support our contention. Thus, the present ex vivo organ model lends itself to future testing of new therapeutic strategies, both in the laboratory and clinically, designed to attenuate the generation of oxidant species under a variety of pneumoperitoneal pressures that advance pathophysiological situations such as renal repercussion. Taking these results together, we do not intend to extrapolate conclusions from this laboratory experiment directly to clinical experience with regard to pressure values as well. Nevertheless, our results strongly suggest that there is an upper limit of pressure that should be applied in the abdominal cavity, possibly B12 mmHg. Both our group and others [46, 47] demonstrated both ex vivo and in a porcine model that the peritoneal absorption rate of CO 2 increases in direct correlation with intraabdominal pressure, however, only to a maximum pressure level of 12-16 mmHg. This occurrence was explained by the pressure occlusion gradient in peritoneal capillaries, where high pneumoperitoneal pressure would cause capillaries to collapse, thereby preventing CO 2 peritoneal diffusion to the blood. These data, together with those presented herein, would point to a threshold pressure limit in animals that should be sought in humans as well.
In summary, we have demonstrated that various gradients of PNP pressure could be a major factor in inducing renal functional and-to a lesser extent-structural injury, possibly via the induction of cellular oxidative stress. While caution should be used when extrapolating from these results to human settings, ischemia-reperfusion-like injury would explain the delayed kidney recovery after laparoscopic harvesting as compared with open surgery. The mechanism would relate directly to the applied PNP: the higher the pressure and the longer it is applied, the greater the injury and the slower the recovery. The welldocumented changes in the very high-pressure groups (15-18 mmHg) indicate the need for limiting laparoscopic pressure in humans.
